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Available online 22 March 2014AbstractThis paper reports the comparative evaluation of the corrosion behaviour of AZ31B magnesium alloy under immersion and potentiodynamic
polarization test in NaCl solution at different chloride ion concentrations, pH value and exposure time. The specimens were exposed to im-
mersion and polarization environments in order to evaluate their corrosion rates. Empirical relationship was established to predict the corrosion
rate of AZ31B magnesium alloy. Three factors, five level, central composite rotatable design matrix was used to minimize the number of
experimental conditions. Response surface methodology was used to develop the relationship. The developed relationship can be effectively used
to predict the corrosion rate of AZ31B magnesium alloy at 95% confidence level for both the testing. This research work proves a better
corrosion resistance of AZ31B magnesium alloy at the alkaline solution than the acidic and the neutral solutions, moreover, low corrosion rate
was found at low concentrated solution and higher exposure time respectively.
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The desire to use lightweight metallic alloys in the auto-
mobile and aerospace industries has increased in recent years
as the search for lightweight solutions has become amplified.
Magnesium alloys are one of these lightweight metallic alloys
currently being investigated, because of its low density, 1.74 g/
cm3, and high mechanical stiffness. The mechanical benefits* Corresponding author. Tel.: þ91 09894319865 (mobile); fax: þ91 4144
238080x238275.
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2213-9567/Copyright 2014, National Engineering Research Center for Magnesium Alloys of China, Choof magnesium, however, are contrasted by a high corrosion
rate as compared to aluminium or steel. Because of magne-
sium’s electrochemical potential, as illustrated in the galvanic
series, it corrodes easily in the presence of seawater. The high
corrosion of magnesium has relegated the alloy to use in areas
unexposed to the atmosphere, including car seats and elec-
tronic boxes [1,2]. However, the corrosion resistance of the
Mg-based alloys is generally inadequate due to the low stan-
dard electrochemical potential 2.37 V compared to the SHE
(Standard Hydrogen Electrode) and this limits the range of
applications for Mg and its alloys. Therefore, the study of
corrosion behaviour of magnesium alloys in active media,
especially those containing aggressive ions, is crucial to the
understanding the corrosion mechanisms, and hence, to
improving the corrosion resistance under various service
conditions. The reason for the less corrosion resistance of
magnesium and its alloys results primarily from two mecha-
nisms: (i) oxide films forming on the surface is not perfect andngqing University. Production and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
Table 1a
Chemical composition (wt%) of AZ31B Mg alloy.
Al Mn Zn Mg
3.0 0.20 1.0 Balance
Table 1b
Mechanical properties of AZ31B Mg alloy.
Yield strength
(MPa)
Ultimate tensile
strength (MPa)
Elongation
(%)
Hardness (Hv) at
0.05 kg load
171 215 14.7 69.3
Nomenclature
P pH value
C chloride ion concentration, mole
T time, hrs
CR corrosion rate, mm/year
RSM response surface methodology
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by impurities and secondary phases [3].
This research focused on comparing immersion testing with
potentiodynamic polarization testing, which are the two main
techniques for corrosion studies, in an effort to expose the
magnesium alloy to environments similar to those environ-
ments experienced by automotive engine blocks [4]. It is well
known that Mg alloys are susceptible to corrosion such as
pitting and stress cracking corrosion (SCC). Major studies
shows that the SCC susceptibility of Mg alloys is increased in
solutions containing chloride [5].
The galvanic couples formed by the second phase particles
and the matrix are the main source of the localized corrosion
of magnesium alloys [6]. The corrosion of AZ31 magnesium
alloy in simulated acid rain solution is controlled by the rate of
anodic dissolution and hydrogen evolution, and the corrosion
rate of AZ31 increases with increasing concentration of Cl
ion [7]. The corrosion attack of Mg and its alloy in dilute
chloride solutions depends on both Al content and alloy
microstructure [8]. Yingwei song et al. [9], investigated the
effect of second phases on the corrosion behaviour of wrought
MgeZneYeZr alloy and they found that the increase of
exposure time, the second phases can promote the corrosion
rate significantly and cause pitting corrosion. Rajan Ambat
et al. [10], studied the evaluation of micro structural effects on
corrosion behaviour of AZ91D magnesium alloy and they
reported that size and morphology of b phase and coring were
found to have significant influence on corrosion behaviour
of AZ91D alloy. Pardo et al. [11], explored the influence of
microstructure and composition on the corrosion behaviour of
Mg/Al alloys in chloride media and it was found that the
aluminium enrichment on the corroded surface for the mag-
nesium alloy, and the b-phase (Mg17Al12), which acted as a
barrier for the corrosion progress for the magnesium alloys.
The corrosion product consisted of magnesium hydroxide,
fallen b particles and magnesiumealuminium oxide; the
amount of each component was found to be a function of
chloride ion concentration and pH [12].
From the literature reviews [6e12], it is understood that
most of the published information on corrosion behaviour of
Mg alloys were focused on general corrosion of magnesium
alloys. Moreover, there is no literature available related to
comparative study of corrosion behaviour of magnesium al-
loys under immersion and potentiodynamic polarization test in
NaCl solution. Hence, the present investigation was carried
out to investigate the comparative evaluation of corrosion
behaviour of AZ31B magnesium alloy under immersion testand polarization test and henceforth, to develop an empirical
relationship to predict the corrosion rate of AZ31B magne-
sium alloy using response surface methodology.
2. Experimental work
The base material, AZ31B magnesium alloy used in this
investigation was an extruded cylindrical rod of 16 mm
diameter. The chemical composition and mechanical proper-
ties of the base material are presented in Table 1(a) and (b),
respectively. The specimens were cut to the dimensions of
16 mm  4 mm to evaluate the corrosion rate by immersion
corrosion test method. The corrosion test specimens were
ground with 500#, 800#, 1200#, 1500# grit SiC paper washed
with distilled water and dried by warm flowing air. The optical
micrograph (OM) of base metal is shown in Fig. 1(a) and it
basically contains equiaxed grains of 10 mm diameter
(average). Fig. 1(b) shows scanning electron microscopy
(SEM) image of AZ31B magnesium alloy.2.1. Finding the limits of corrosion test parametersFrom the literature [6e12], and the previous investigation
carried out in our laboratory [13] the predominant factors that
have a greater influence on the corrosion behaviour of mag-
nesium alloy were identified. They are: (i) pH value of the
solution, (ii) chloride ion concentration and (iii) exposure
time. Large numbers of trial experiments were conducted to
identify the feasible testing conditions using AZ31B magne-
sium alloy under immersion tests and potentiodynamic
polarization test conditions. The following inferences were
obtained:
1. If the pH value of the solution was less than 3, the change
in chloride ion concentration did not considerably affect
the corrosion.
2. If the pH value was in between 3 and 12, there was inhi-
bition of the corrosion process and stabilization of the
protective layer.
3. If the pH value was greater than 12, then blocking of
further corrosion by the active centres of protective layer.
4. If the chloride ion concentration was less than 0.2 M, then
the visible corrosion did not occur in the experimental
period.
Fig. 1. Micrograph of AZ31B Mg alloy.
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1 M, then there was a reasonable fluctuation in the
corrosion rate.
6. If the chloride ion concentration was greater than 1 M,
then the rise in corrosion rate may hesitate and decrease a
little.
7. If the exposure time was less than an 1 h, then the surface
was completely covered with thick and rough corrosion
products.
8. If the exposure time was in between 1 and 8 h, then the
tracks of the corrosion can be predicted.
9. If the exposure time was greater than 8 h, then the tracks
of corrosion film were difficult to identify.Table 2
Important factors and their levels.
S. No Factor Notation Unit
1 pH value P e
2 Chloride ion concentration C Mole (M)
3 Exposure time T hours (h)2.2. Developing the experimental design matrixAs the range of individual factor was wide, a central com-
posite rotatable three-factor, five-level factorial design matrix
was selected. The experimental design matrix consisting 20
sets of coded condition and comprising a full replication three-
factor factorial design of 8 points, 6 star points, and 6 centre
points was used. Table 2 represents the range of factors
considered, and Table 3 shows the 20 sets of coded and actual
values used to conduct the experiments. The upper and lower
limits of the parameters were coded as þ1.682 and 1.682,
respectively. Thus, the 20 experimental runs allowed for the
estimation of the linear, quadratic, and two-way interactive
effects of the variables. The method of designing such a matrix
is dealt with elsewhere [14]. The coded values for intermediate
levels can be calculated from the relationship.
Xi ¼ 1:682½2X  ðXmax þ XminÞ=ðXmax  XminÞ ð1Þ
where,
Xi is the required coded value of a variable X and X is any
value of the variable from Xmin to Xmax.
Xmin is the lower level of the variable.
Xmax is the upper level of the variable.2.3. Recording the responses (corrosion rate evaluation)Solution of NaCl with concentrations of 0.2 M, 0.36 M,
0.6 M, 0.84 M, and 1 M were prepared. The pH value of the
solution was maintained as pH3, pH4.82, pH7.5, pH10.18, &
pH12 with concentrated HCl and NaOH respectively. The pH
value was measured using a digital pH metre. Two different
tests environments were used in this study: immersion test and
potentiodynamic polarization tests. For immersion testing, the
test method consists of immersing the specimens in an
aquarium filled with NaCl solutions at room temperature as
per the ASTM standard G31 e 72 [15].
The corrosion rate of the AZ31B alloy specimen was
estimated by weight loss measurement. The original weight
(w0) of the specimen was recorded and then the specimen was
immersed with the solution of NaCl for different immersion
times of 1, 2.42, 4.5, 6.58 and 8 h. For both the testing, the
corrosion products were removed by immersing the specimens
for one minute in a solution prepared by using 50 g chromium
trioxide (CrO3), 2.5 g silver nitrate (AgNO3) and 5 g barium
nitrate (Ba(NO3)2) for 250 ml distilled water. Finally, the
specimens were washed with distilled water, dried and
weighed again to obtain the final weight (w1). The weight loss
(w) can be measured using the following relation,Levels
1.682 1 0 þ1 þ1.682
3 4.82 7.5 10.18 12
0.2 0.36 0.6 0.84 1
1 2.42 4.5 6.58 8
Table 3
Design matrix and experimental results.
Ex. No. Coded values Original values Corrosion rate
(mm/year)
immersion test
Corrosion rate (mm/year)
potentiodynamic
polarization test
P C T P (pH) C (M) T (hour)
1 1.00 1.00 1.00 4.82 0.36 2.42 7.94 0.75
2 1.00 1.00 1.00 10.18 0.36 2.42 5.24 0.48
3 1.00 1.00 1.00 4.82 0.84 2.42 15.40 0.84
4 1.00 1.00 1.00 10.18 0.84 2.42 10.31 0.31
5 1.00 1.00 1.00 4.82 0.36 6.58 6.20 0.60
6 1.00 1.00 1.00 10.18 0.36 6.58 3.23 0.34
7 1.00 1.00 1.00 4.82 0.84 6.58 11.86 0.84
8 1.00 1.00 1.00 10.18 0.84 6.58 7.22 0.39
9 1.68 0.00 0.00 3 0.6 4.5 15.85 0.98
10 1.68 0.00 0.00 12 0.6 4.5 2.24 0.28
11 0.00 1.68 0.00 7.5 0.2 4.5 5.48 0.54
12 0.00 1.68 0.00 7.5 1 4.5 14.14 0.71
13 0.00 0.00 1.68 7.5 0.6 1 12.19 0.62
14 0.00 0.00 1.68 7.5 0.6 8 4.13 0.55
15 0.00 0.00 0.00 7.5 0.6 4.5 3.29 0.62
16 0.00 0.00 0.00 7.5 0.6 4.5 5.64 0.54
17 0.00 0.00 0.00 7.5 0.6 4.5 4.63 0.58
18 0.00 0.00 0.00 7.5 0.6 4.5 3.60 0.57
19 0.00 0.00 0.00 7.5 0.6 4.5 4.29 0.60
20 0.00 0.00 0.00 7.5 0.6 4.5 3.28 0.55
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where,
w ¼ weight loss in grams.
wo ¼ original weight before test in grams.
w1 ¼ final weight after test in grams.
For potentiodynamic polarization tests, the specimens
were treated with metallographic polishing prior to each
experiment, followed by washing distill water and acetone,
and finally dried in warm air. The polarization measurements
were carried out in corrosion test cell containing 500 ml
solution. Solution of NaCl with concentrations of 0.2 M,
0.36 M, 0.6 M, 0.84 M, and 1 M were prepared. The pH
value of the solution was maintained as pH3, pH4.82, pH7.5,
pH10.18, & pH12 with concentrated HCl and NaOH
respectively. The pH value was measured using a digital pH
metre. To evaluate the corrosion tested specimen with the
method as per ASTM G5-94 [16]. An electrochemical po-
larization experiment was carried out using a potentiostat
GILL AC. The electrodes for this purpose were prepared by
connecting a wire to one side of the sample that was covered
with cold setting resin. The other side of the specimen,
whose area is 1 cm2, was exposed to NaCl solution with
different pH and chloride ion concentration for different
exposure times of 1, 2.42, 4.5, 6.58 and 8 h. Electrochemical
corrosion tests were carried out using a computer controlled
Gill AC potentiostat/frequency response analyser to evaluate
the deterioration process of AZ31B magnesium alloy speci-
mens in NaCl solutions. A typical three electrode cell, with a
saturated Ag/AgCl (saturated with KCl) as reference elec-
trode, a platinum mesh counter electrode and the AZ31B
magnesium alloy as the working electrode (1 cm2 exposed
area) were used in the tests. The specimens were exposed inthe test solution, and a polarization scan was carried out
towards more noble values at a rate of 300 mV/min after
allowing a steady state potential to develop. The scan scope
was set from 600 mV to þ600 mV vs. OCP. All electro-
chemical tests were conducted in triplicate in order to ensure
the reproducibility of results. The corrosion potential was
developed and observed from the open circuit potential.
Furthermore, corrosion current densities for all tests were
measured directly from the tangent slope and it was
recorded.
To calculate the alloy equivalent weight, the following
approach may be used. Consider a unit mass of alloy
oxidized. The electron equivalent for 1 g of an alloy, Q is
then:
Q¼
X
ðnifi=WiÞ ð3Þ
where,
ni e the valence of the ith element of the alloy;
fi e the mass fraction of the ith element in the alloy;
Wi e the atomic weight of the ith element in the alloy.
Therefore, the alloy equivalent weight, EW, is the recip-
rocal of this quantity,
EW ¼ 1=Q ð4Þ
The corrosion rate can be calculated using Faraday’s Law
in terms of penetration rates as per ASTM G102-89,
Corrosion rate ¼ ðK  Icorr  EWÞ=r ð5Þ
where,
K e Corrosion constant (K ¼ 0.00327 if the corrosion rate
in mm/yr);
Icorr e Current density in mA/cm
2;
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r e Density of the AZ31B alloy (1.74 g/cm3)
Micro structural examination of the corroded specimens was
carried out using a light optical microscope (VERSAMET-3)
incorporated with image analysing software (Clemex vision).
Corroded surfaces were evaluated by scanning electron micro-
scopy (SEM) using a JEOL JSM-6400 microscope equipped
with Oxford Link energy-dispersive X-ray (EDX) microanal-
ysis hardware in order to study the morphology and evolution of
corrosion products formed on the surface of the material. Phase
analysis of the corroded surfaces were performed on Philips
3121 X-ray diffractrometer using CuKa radiation which was set
at 40 kV and 20 mA for the XRD analysis and the data were
recorded in the 2q range 10 to 80 in steps of 2/min.
3. Developing an empirical relationship
In the present investigation, to correlate the immersion tests
and potentiodynamic polarization test parameters with the
corrosion rate of AZ31B specimens, a second order quadratic
model was developed. The response (corrosion rate) is a
function of pH value (P), chloride ion concentration (C ),
exposure time (T ) and hence it can be expressed as
CR ¼ f fP;C;Tg ð6Þ
The empirical relationship chosen includes the effects of
the main and interaction effect of all factors. The construction
of empirical relationship and the procedure to calculate the
values of the regression coefficients can be referred elsewhere
[17]. In this work, the regression coefficients were calculated
with the help of Design Expert V 8.1 statistical software. After
determining the coefficients (at a 95% confidence level), the
final empirical relationship was developed using these co-
efficients. The final empirical relationship to estimate the
response is given below:Table 4
ANOVA test results for immersion testing.
Source Sum of squares df Mean square
Model 339.74 9 37.75
P 107.49 1 107.49
C 98.78 1 98.78
T 41.88 1 41.88
PC 2.04 1 2.04
PT 3.841 1 3.841
CT 1.06 1 1.06
P2 34.85 1 34.85
C2 48.09 1 48.09
T2 22.33 1 22.33
Residual 25.78 10 2.58
Lack of fit 21.51 5 4.30
Pure error 4.27 5 0.85
Cor total 365.52 19
Std. dev. 1.61 R-squared
Mean 7.31 Adj R-squared
C.V.% 21.98 Pred R-squared
Press 169.55 Adeq precision
df: degrees of freedom; CV: coefficient of variation; F: Fisher ratio; p: probabilityFor immersion tests:
CorrosionRateðCRÞ ¼ 4:05  2:81ðPÞ þ 2:69ðC Þ
 1:75ðT Þ  0:50ðPC Þ þ 0:022ðPT Þ  0:36ðTC Þ
þ 1:55ðP2Þ þ 1:83ðC2Þ þ 1:24ðT2Þmm=year ð7Þ
For potentiodynamic polarization tests:
CorrosionRateðCRÞ ¼ 0:58  0:20ðPÞ þ 0:036ðCÞ
 0:024ðTÞ  0:056ðPCÞ þ 0:011ðPTÞ
þ 0:046ðTCÞmm=year ð8Þ3.1. Checking the adequacy of the model for immersion
testingThe Analysis of Variance (ANOVA) technique was used to
find the significant main and interaction factors. The results of
second order response surface model fitting in the form of
Analysis of Variance (ANOVA) are given in the ‘Table 4’. The
determination coefficient (r2) indicated the goodness of fit for
the model. The Model F-value of 14.64 implies the model is
significant. There is only a 0.01% chance that a “Model F-
Value” this large could occur due to noise. Values of
“Prob > F” less than 0.0500 indicates model terms are sig-
nificant. In this case P, C, T, P2, C2, T2, are significant model
terms. Values greater than 0.1000 indicate the model terms are
not significant. If there are many insignificant model terms
(not counting those required to support hierarchy), model
reduction may improve the model. The “Lack of Fit F-value”
of 5.04 implies the Lack of Fit is not significant relative to the
pure error. There is a 5.02% chance that a “Lack of Fit F-
value” this large could occur due to noise. Non-significant lack
of fit is good. The “Pred R-Squared” of 0.9420 is in reasonableF-value P-value prob > F
14.64 0.0001 Significant
41.69 <0.0001
14.24 0.0024
38.31 <0.0001
0.79 0.3951
1.490 0.9700
0.41 0.5361
13.52 <0.0001
18.65 <0.0001
8.66 <0.0001
5.04 0.1202 Not significant
0.9846
0.9754
0.9420
67.394
.
Fig. 2. Correlation graph for response (corrosion rate) for immersion tests.
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cision” measures the signal to noise ratio. P ratio greater than
4 is desirable. Our ratio of 12.764 indicates an adequate signal.
Each of the observed values compared with the experimental
values shown in the ‘Fig. 2’.3.2. Checking the adequacy of the model for
potentiodynamic polarization testingThe Analysis of Variance (ANOVA) technique was used to
find the significant main and interaction factors. It was thus
conducted in this study in order to determine whether the
above mentioned second order polynomial equation was sig-
nificant fit with the experimental results. The results of the
second order response surface model fitting as Analysis of
Variance (ANOVA) are given in the ‘Table 5’. The determi-
nation coefficient (r2) indicated the goodness of fit for the
model. The Model F-value of 71.14 implies the model is
significant. There is only a 0.01% chance that a “Model F-
Value” this large could occur due to noise. Values ofTable 5
ANOVA test results for potentiodynamic polarization testing.
Source Sum of squares df Mean square
Model 0.60 6 0.100
P 0.53 1 0.53
C 0.018 1 0.018
T 7.864E-003 1 7.864E-003
PC 0.025 1 0.025
PT 1.012E-003 1 1.012E-003
CT 0.017 1 0.017
Residual 0.018 13 1.401E-003
Lack of fit 0.014 8 1.710E-003
Pure error 4.533E-003 5 9.067E-004
Cor total 0.62 19
Std. dev. 0.037 R-squared
Mean 0.58 Adj R-squared
C.V.% 6.40 Pred R-squared
Press 0.054 Adeq precision
df: degrees of freedom; CV: coefficient of variation; F: Fisher ratio; p: probability“Prob > F” less than 0.0500 indicate model terms are sig-
nificant. In this case P, T, C, PC, TC are significant model
terms. Values greater than 0.1000 indicate the model terms
were not significant. If there are many insignificant model
terms (not counting those required to support hierarchy),
model reduction may improve the model. The “Lack of Fit F-
value” of 1.89 implies the Lack of Fit was not significant
relative to the pure error. There was a 25.11% chance that a
“Lack of Fit F-value” this large could occur due to noise. Non-
significant lack of fit is good. The “Pred R-Squared” of 0.9128
is in reasonable agreement with the “Adj R-Squared” of
0.9568. “Adeq Precision” measures the signal to noise ratio. P
ratios greater than 4 are desirable. Our ratio of 29.887 in-
dicates an adequate signal. All of this indicated an excellent
suitability of the regression model. Each of the observed
values compared with the experimental values shown in the
‘Fig. 3’.
4. Discussion4.1. Effect of pH value on corrosion rateTable 3 shows the corrosion rates obtained from immersion
test and potentiodynamic polarization tests at different pH
value, chloride ion concentration and exposure time. From this
table, the following points can be inferred. The pH value has
an inversely proportional relationship with the corrosion rate;
i.e., if the pH value increases, the corrosion rate decreases
[18]. At all pH values, the specimen exhibited a rise in
corrosion rate with the decrease in pH value. In the neutral pH,
the corrosion rate remained constant approximately and a
comparatively low corrosion rate was observed in alkaline
solutions. Also, there exists a correlation between pH, chloride
ion concentration and exposure time. The rate of corrosion
increases with the increase of chloride ion concentration and
found a corrosion resistant with the decrease in chloride ion
concentration. At lower pH values, the specimen exhibited a
rise in corrosion rate with an increase in chloride ion con-
centration. But the quantity of this rise was different in such aF-Value P-value prob > F
71.14 <0.0001 Significant
377.37 <0.0001
12.85 0.0033
5.61 0.0340
18.06 0.0009
0.72 0.4107
12.21 0.0040
1.89 0.2511 Not significant
0.9704
0.9568
0.9128
29.887
.
Fig. 4. Effect of pH on corrosion morph
Fig. 3. Correlation graph for response (corrosion rate) for potentiodynamic
polarization tests.
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concentrations affected the corrosion rate much more as
compared to that of higher concentration. It showed that with
the increase in chloride ion concentration, the rising rate at
corrosion rate decreased that is, the influence of chloride ion
concentration was much lower at higher concentrations.
Consequently, the rate of corrosion decrease slightly with the
increase in exposure time. It resulted from the increase in
hydrogen evolution with an increase in exposure time; the idea
attributed to the corrosion occurring over an increasing frac-
tion of the surface, which is the insoluble corrosion product
[19]. The insoluble corrosion product on the surface of the
alloy could slow down the corrosion rate.
Fig. 4 shows the effect of pH on corrosion morphology of
AZ31B magnesium alloy exposed in 0.6 M concentration of
NaCl for 4.5 h with different pH values of pH3, pH7.5 and
pH12 for immersion testing. From the figure, it can be seen
that, at lower pH values, surface of the AZ31B magnesiumology of immersion test specimen.
43D. Thirumalaikumarasamy et al. / Journal of Magnesium and Alloys 2 (2014) 36e49alloy was completely corroded, corrosion pits almost
distribute on the entire surface. Visible corrosion became
slighter as the pH value increased. In the solution with pH3,
the bubbles overflowed and broke away from the specimen
surface. The metallic lustre of the specimen surface was also
gradually lost, and corrosion became much more severe than
in other specimens. Pits are also observed which are suspected
to be the sites with the b phase. Mg17Al2 has a higher standard
potential and exhibits a more passive behaviour over a wide
pH range in chloride solutions than either Al or Mg. Due to
selective attack along the b phase networks, they are gradually
attacked and peel from the surface forming the pits is expected
to take place at these sites. It meant that the pH value was one
of the major factors of corrosion rate [20].
Fig. 5 shows the effect of pH on the corrosion morphology
and pit morphology of the specimen exposed in 0.6 M con-
centration of NaCl for 4.5 h with different pH values of pH3,
pH7.5 and pH12 for potentiodynamic polarization tests. FromFig. 5. Effect of pH on corrosion morphology and pit dthe figure, it was found that at higher pH values, pit corrosion
has been observed only at the edges of the surface and also
several small corrosion pits formed on the surface of the
AZ31B magnesium alloy. Nevertheless it still suffered much
less corrosive attack when compared to AZ31 specimen at
lower pH values. The surface of the specimen exposed to low
pH solution constituting more corrosion products, thus
corrosion occurs severely which would enhances the corrosion
rate. The density of the pit formed in exposing lower pH
(acidic) solution is quite high, comparing with the neutral and
alkaline solution [21]. The diameter of the pit increases with
the decrease of pH value. Thus the pit depth increases with the
decrease of pH as shown in Fig. 5. This is due to the corroding
surface which had a higher rate of hydrogen evolution. This
means that, if a corroding area is adjacent area to a non-
corroded area, there will be a galvanic cell causing the
galvanic acceleration of the corrosion rate of the non-corroded
area. Thus, once the corrosion starts, there is anepth of potentiodynamic polarization test specimen.
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across the surface. This is indeed what is observed experi-
mentally. The galvanic acceleration of the corrosion across the
non-corroding areas is balance by the galvanic protection of
the corroded areas, so that the corrosion tends to be rather
shallow in the corroded areas.
Fig. 6 shows the effect of pH on Tafel plots, from the figure
it could be inferred that with the decrease in the pH value of
the solutions, the anodic curve of the materials showed a shift
to higher current density values. The influence of pH on
corrosion needs to take into account the magnesium E-pH
diagram predicts there should be no film on a magnesium
surface in a solution with a pH lower than 10.5 because
Mg(OH)2 is not stable under such conditions. However, it is
not thermodynamically stable at low pH values, the dissolution
kinetics may be slower and a surface film may be formed
provided the dissolution kinetics is slower than the formation
kinetics. It was observed that the corrosion rate usually
increased with the decrease in the pH value of the solutions
[22]. The dissolution of magnesium in aqueous solutions
proceeds by the reduction of water to produce magnesium
hydroxide. The reduction process was mainly water reduction,
thus forming a Mg(OH)2 protective layer. Higher the pH value
favours the formation of Mg(OH)2 which protects the alloy
from corrosion.4.2. Effect of chloride ion concentration on corrosion
rateThe influence of chloride ion concentration on corrosion
rates of AZ31B magnesium alloy for both immersion and
potentiodynamic polarization testing in NaCl solution are
displayed in ‘Table 3’. It is seen that the corrosion behaviour is
consistent with the current understanding that the corrosion
behaviour of magnesium alloys is governed by a partially
protective surface film with the corrosion reaction occurring
predominantly at the breaks or imperfections of the partially
protective film. This is consistent with the known tendency of
chloride ions to cause film break down, and the known
instability of Mg(OH)2 in solutions with pH less than 7.5.Fig. 6. Effect of pH on Tafel plots.However it was observed that, with the increase in chloride ion
concentration, the rising rate at corrosion rate decreased. The
increase in corrosion rate with increasing chloride ion con-
centration may be attributed to the participation of chloride
ions in the dissolution reaction. Chloride ions were aggressive
for magnesium. The adsorption of chloride ions to oxide
covered magnesium surface transformed Mg(OH)2 to easily
soluble MgCl2 thus destroying the compactness of the corro-
sion product film and resulting in pitting corrosion [23]. The
anodic specimen exhibited a rise in corrosion rate with in-
crease in Cl concentration and thus the change of Cl con-
centration affected the corrosion rate much more in higher
concentration solutions than that in lower concentration so-
lutions. When more Cl in NaCl solution promoted the
corrosion, the corrosive intermediate (Cl) would be rapidly
transferred through the outer layer and reached the substrate of
the alloy surface. Hence, the corrosion rate was increased [24].
The effect of chloride ion concentration on corrosion
morphology and pit depth of the specimen exposed in NaCl
solution with different chloride ion concentrations for both
immersion and potentiodynamic polarization testing are pre-
sented in ‘Figs. 7 and 8’ respectively. At lower chloride ion
concentrations, less corrosion pits were formed on the surface
of the AZ31B magnesium alloy. The pit formation depends on
the change in the chloride ion concentration of the solution.
Here, with the increase of chloride ion concentration of the
solution, the density of the pit increases. It is found that the
whole a-grains undergo a majority of corrosion and the border
of the corroded area is mostly surrounded by the b-phase. It
might be attributed to the more negative potential of the a-
phase than that of the b-phase in NaCl solution. There is a
tendency for the corrosion rate of the a-phase to be accelerated
by micro-galvanic coupling between the a-phase and the b-
phase [25]. The increasing trend of the pit depth with the in-
crease of chloride ion concentration is attributed to the attack
of Cl ions on the surface leading to the anodic dissolutions of
Mg (Fig. 8). The chloride ion concentration increases, some
obvious pits appear on the surface of the specimen. Thereby,
increasing the corrosion rate with the increase of chloride ion
concentration.
Fig. 9 shows the effect of chloride ion concentration on
Tafel plots. From the figure, it was observed that with the
increase of chloride ion concentration of the solutions, the
anodic curve of the materials showed a shift to higher current
density values and corrosion potential shifted to more negative
(active) values with the increase in chloride ion concentration,
which may explained by the adsorption of chloride ion on the
alloy surface at weak parts of oxide film. Thus the increase in
corrosion rate with the increasing chloride ion concentration
attributed the participation chloride ions in the dissolution
reaction [26].4.3. Effect of exposure time on corrosion rateTable 3 depicts the influence of the exposure time on the
corrosion rate of AZ31B magnesium alloy obtained from
immersion test and potentiodynamic polarization test in NaCl
Fig. 7. Effect of chloride ion concentration on corrosion morphology of immersion test specimen.
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decreased with the increase in exposure time. The increase in
exposure time enhanced the tendency to form the corrosion
products, which accumulated over the surface of the samples.
These corrosion products which in turn depressed the corro-
sion rate due to the passivation in the medium immersion [27].
It results that there was an increase in hydrogen evolution with
the increasing exposure time, which tends to increase the
concentration of OH ions strengthening the surface from
corrosion causing further. This is attributed to corrosion
occurring over increasing fraction of the surface was observed,
which is the insoluble corrosion products. The insoluble
corrosion products on the surface of the alloy could slow down
the corrosion rate.
As shown in the Fig. 10, at lower exposure times, trench
like cavities appear on the surface of AZ31 specimen. At the
higher exposure times, a little amount of corrosion pits was
observed on the surface of the material. When the exposuretime is more than 4.5 h, the barrier of the b phase and the
adhesion of the corrosion products cause the corrosion weight
loss rate to decreases. As a result, the weight loss is greater,
and the corrosion weight loss rate is faster. With the prolon-
gation of the exposure time, the corrosion weight loss rate
decreases due to the adhesion of the corrosion products to the
specimen surface. The film on the specimen surface in the
NaCl solution is considerably compacted, which can then
effectively prevent further reactions from taking place.
Consequently, the growth rate of the film remains slow and
forms shallower corrosion dents. At the lower exposure time,
the pit became deepens but in higher pH, the pit seems little
widened possessing corroded products in large. It is clear from
the Fig. 11 localized corrosion associated with dense pitted
areas showing lot of cracks on the surface of corrosion film for
the all specimens tested [28,29].
Fig. 12 shows the effect of exposure time on Tafel plots,
the corrosion potential shifted to a more positive direction
Fig. 8. Effect of chloride ion concentration on corrosion morphology and pit depth of potentiodynamic polarization test specimen.
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shifted to more positive potential direction compared, indi-
cating the anodic dissolution is retarded with the increase of
exposure time. As a result, the corrosion current alsoFig. 9. Effect of chloride ion concentration on Tafel plots.decreases with increasing exposure time. It was suggested that
the existence of the corrosion film in NaCl solution with the
increase of exposure time. In the early stages of the corrosion
process, the anodic dissolution of AZ31B magnesium alloy is
balanced by hydrogen evolution in the cathodic areas in NaCl
solution.
Mg  2e/ Mg2þ ð9Þ
2H2O þ 2e/ H2 þ 2OH ð10Þ
Therefore, countless electrochemical cells begin to form on
the surface. Then the cations (Mg2þ) will migrate towards the
cathodic areas, at the same time anions (Cl, OH) will
migrate towards to the dissolution sites. Accordingly,
Mg(OH)2 produces close to the anodic sites.
Mg2þ þ OH/MgðOHÞþ ð11Þ
MgðOHÞþ þ OH/ MgðOHÞ2 ð12Þ
Fig. 10. Effect of exposure time on corrosion morphology of immersion test specimen.
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 in
the solution, dissolution of the film results in magnesium alloy
exposure to the solution, providing the active centre for further
electrochemical reactions. Thus, the localized corrosion takes
place on the surface. The formation of the insoluble corrosion
products may further retard the migration of ions on the sur-
face of specimens, so it will reduce the electrochemical
corrosion rate. That is, with exposure time increased, the
corrosion rate will decrease [30].
On comparative evaluation, the corrosion rate of immersion
tests was quite higher than the corrosion rate obtained from the
potentiodynamic polarization test. This was due to the expo-
sure surface of the specimen. For immersion testing, larger the
surface area while in potentiodynamic polarization tests, only
1 cm2 was exposed to the solution. Nevertheless, the general
corrosion was evident in immersion test which tends to in-
crease the corrosion rate, but only specific pitting was
occurred in the polarization test.5. XRD results
Fig. 13(a) shows the XRD for AZ31B magnesium alloy,
which exhibits on the a-Mg matrix phase and the results are
confirms the presence of Al12Mg17 precipitates along with the
traces of Mg2Zn11. XRD study of the corrosion layer produced
after immersion and potentiodynamic polarization test in NaCl
solution revealed brucite (Mg(OH)2) as the main corrosion
product, and its peaks exhibited higher intensity for AZ31B
magnesiumalloydue to the formation of a thicker corrosion layer
during the severe attack that the material suffered Fig. 13(b).
6. Conclusions
From this investigation, the following important conclu-
sions are derived:
1. Empirical relationship was established to predict the
corrosion rate of AZ31B magnesium alloy, incorporating
Fig. 11. Effect of exposure time on corrosion morphology and pit depth of potentiodynamic polarization test specimen.
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time for both immersion and potentiodynamic polarization
tests. The developed relationship can be effectively used toFig. 12. Effect of exposure time on Tafel plots.predict the corrosion rate of AZ31B magnesium alloy at
95% confidence level.
2. During immersion testing, the corrosion rate was quite
higher than the corrosion rate obtained from the poten-
tiodynamic polarization test. This was due to the exposure
surface of the specimen. For immersion testing, entire
surface area while in potentiodynamic polarization tests,
only 1 cm2 was exposed to the solution.
3. Nevertheless, the general corrosion was evident in im-
mersion test which tends to increase the corrosion rate, but
only specific pitting was occurred in the polarization test.
Hence low corrosion rate was obvious in the potentiody-
namic polarization tests.
4. In AZ31B magnesium alloy, the highest corrosion rate was
observed at pH3. The corrosion rate was higher in the
acidic media than in alkaline and neutral media for both
corrosion tests conditions.
5. AZ31B magnesium alloys corroded more seriously with
the increase in chloride ion concentrations in both the
Fig. 13. XRD results.
49D. Thirumalaikumarasamy et al. / Journal of Magnesium and Alloys 2 (2014) 36e49conditions. The increase in corrosion rate with increasing
chloride ion concentration may be attributed to the
participation of chloride ions in the dissolution reaction.
6. The corrosion resistance was formed in the AZ31B mag-
nesium alloy with the increased exposure period. A
corrosion resistivity prevails with the increase of corrosion
time, resulting with the formation of hydroxide layer as a
dominant factor to avoid the corrosion further.
7. The AZ31B alloy specimens were lower corrosion rate in
the electrochemical environments than the immersion
environment. Thus, the specimens proved to give a long
life from corrosion in electrochemical environments.
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